Magnetron sputtering coating is widely applied in the large area deposition, and thin film thickness uniformity, deposition ratio, utilization ratio of target material and other problems in coating industry are paid great attention. As one of the most important parameters for testing sputtering process, the study on the related issues of thin film uniformity is of great theoretical and practical value. The fundamental theory on deposition of sputtering coating is analyzed based on existing theories, and the model of deposition flux that is composed of fast-and slow-moving particles is applied to the rectangular planar magnetron sputtering target. Through the application of Matlab software and the numerical calculation of thin film deposition uniformity of a rectangular planar magnetron sputtering target, it is easy to come to the following conclusions: the thickness uniformity will reduce with the increase of target-substrate distance and with the decrease of erosion zone of the target ends. When the erosion zone of the target ends increases to some extend, the thin film thickness uniformity will become higher with the increase of target-substrate distance and then become lower. There are two tendencies for thin film thickness uniformity with the increase of length-width ratio of target erosion zone, that is, it will become a little lower when the length is a constant, or become higher when the width is a constant. And the thin film thickness uniformity will become lower with the decrease of power and the increase of gas temperature. The deposition rate will become higher with the decrease of target-substrate distance, or the increase of power and gas temperature.
Introduction
With the development of vacuum coating technology, equipments for coating on planar substrate have been improved greatly with increasingly perfect functions. As the advancement of vacuum coating equipments originates from the perfection of processes and the development of processes originates from the continuous developing of theories, the upgrading of vacuum coating equipments necessitates the perfection of theoretical systems. The uniformity of thin film thickness is one of the important indices to test the equipment performance and product quality. On the basis of existing theories, this paper presents a preliminary study on the thin film thickness distribution of a rectangular planar magnetron sputtering target by use of numerical calculation.
Modeling of thin film thickness distribution
In magnetron sputtering, due to the influence of gas pressure, deposited particles can be roughly divided into fastmoving particles (not collide) and slow-moving particles (collide). The more detailed study should take other influences into consider-ation, including gas heated by the collision with sputtered particles, gas inhomogeneous rarefaction effect and thermalization effect of sputtered particles. Meanwhile, due to the processes of particles like moving and re-emission on deposited surface that are caused by the difference between energy state of sputtered particles and physical-chemical state of deposited surface, the re-emission of deposited particles and other factors are also very important [1~13] . When depositing particles travel in the space between the target and the substrate, they will collide with gas to scatter, and this scattering process is a random event. If mean free path S is taken as characteristic constant, then the relation among S, gas temperature T and pressure P is [14, 15] P kT S (1) where k is the Boltzmann constant, and is the cross-section for momentum transfer.
This paper takes a rectangular planar magnetron sputtering target as the research object, and then the thin film thickness uniformity will be studied based on depositing particle models of fast-and slow-moving particles.
Thin film thickness distribution model for fast-moving particles
It is typical to express flux density f of the fast atoms at the substrate, a distance from the target as
Eq. (2) may be expressed as Eq. (3), where d is given by
where, j(r) is the ion current density, Y is the normal target sputtering yield, S( ) is a function of the emission position on the target and the cosine distribution factor, Yamamura et al. proposed a fitting formula of the form [4, 16, 17, 18] ) cos 1 ( cos ) ( 2 S (5) where is the ejection angle of the sputtered atoms with respect to the surface normal and is a fitting parameter.
is dependent on the free path of the atoms, determined by the gas-target combination, normal pressure and the applied power due to gas rarefaction effect.
Using Eq. (3) and from Fig. 1(a) , the flux density of the particles sputtered from an element area dA T of the target onto an element area dA S of the substrate may be expressed as :
where C P= S 1 , d dA S cos / 2 , cos z/ . The rectangular target is described by circular cylindrical coordinates easily, dA T rdrd . The total flux density of the fast moving sputtered particles at the substrate may be obtained by integrating Eq. (6) over the area of the target etch track as:
Using the geometry of Fig.1 . The integral domain is the area of the etch track. Eq. (7) can be integrated numerically for the depositing rate of the fast-moving particles.
Thin film thickness distribution model for slow-moving particles
Slow-moving particles are the scattered ones which are transported by diffusion. It is typical to apply the distributed source model to determine slow-moving ones [19] . Pertrov et al. believed that the sputtered atoms, however, were not thermalized in a single collision event. The average distance L traveled by the atoms in the initial direction before being thermalized. The distance L is proportional to the thermal mean free path with a factor which is a function of the ratio of the mass of the gas and the target atom, and the energy of the sputtered atom. From Fig.  1(b) , the total particles emitted from an element area of the target, which has reached a point, P, without scattering is [3] :
If pressure were zero, the total particles at P would be:
Thus, the number of particles scattered from the depositing flux is:
The density in atoms cm 
The density of the diffusing source in an element volume is n: (11) from the source density of a conservation equation and Fick's first law [4] )]
In a certain range, when the system, where the research objects (a certain number of particles) are in, keeps its number of particles constant, that is, particles into the system equal particles out of it, it will meet Fick's first law, as shown in Fig. 2 . The number of molecular passing an element area in an element time is:
where D is the diffusion coefficient. These particles derive from the etching unit of the whole etching zone, and they diffuse in all directions with the solid angle 4 of the point. Therefore, Ekpe et al. gave the equation of the flux diffusing in a given direction: The improper integral of is divergent at lower limit. A parameter which can describe the transport process is needed to define the lower limit. L { (atom's mean free path ), M(gas' mass) /M(atom's mass), E(atom's enery)} may be the parameter given by Pertrov et al. The function of L can be induced through experiments. A parameter Q is also needed to define the upper limit and depends on the free path of the sputtered atoms, which is determined by the gas-target combination and energy, and so on. All diffusing particles do not reach the substrate by the same path way. Under the integrability condition of , either L or Q is the function of . The result of the improper integral should be the function of . From Fig. 1(b) , the total diffusing flux is directly deduced by Fick's first law in this paper
It is easy for slow-moving particles to re-emit into the discharge space after depositing on the substrate due to lower energy. The deposition rate is the exclusion of the re-emission part. The total diffusing flux at the point P, due to the emitted flux from all the target elements, is:
Where q is the coefficient of deposition efficiency for the slow-moving particles [20, 21] . Generally, the value of q is below 0.5, and the value is 0.1 in this paper. Eq. (17) can be integrated numerically for the total flux of slow-moving particles.
The total depositing particles at the substrate is the sum of the fast-moving ones expressed in Eq. (7) and the slow-moving ones expressed in Eq. (17):
The total depositing particles are divided into the fast-and slow-moving ones approximately. In fact, after collision some of the particles reach the substrate with high energy and do not diffuse. Moreover, there is not the only form of diffusion [20, 21] .
Model Application
The thin film thickness uniformity is under the influence of geometric parameters: target-substrate distance, temperature, gas pressure, electromagnetic and other factors. For the target, it is important to define the geometric parameters of erosion zone (etch track), for they are directly determine the overall trend of thin film deposition. To simplify the model, it is necessary to propose the following hypotheses: the features of erosion zone and the dynamic characteristics of particles in the depositing process are consistent, that is, the sputtering condition, current density, emission and transportation of sputtered particles are consistent; the erosion zone is flat. Generally, the shape of the zone is the function of time. When target-material is eroded, it will present complicated threedimensional spatial surface macroscopically.
As the actual size will be confined to the computing time and mesh scale in calculating, the substrate size is designed as 200mm 40mm and placed right to the target surface. For the size of the geometry of the zone, please refer to Fig. 3 . The selection of parameters: this paper takes copper Cu as the target-material, and argon Ar as working gas. For the value of [4] , when the ion incident energy is 100, 600, 1000 and 5KeV respectively, the corresponding value of is -0.611, 0.284, 0.603 and 1.25; when the value of is 0, the distribution of emitted particles is the usual cosine distribution.
Usually the energy of the sputtered copper atoms is lower than 10eV [14] . Therefore, the corresponding momentum collision section is approximately taken as 4×10 -20 m 2 [22, 23] , and the mean free path Cu for copper atoms is The energy of the copper atoms that are away from the target-surface is approximate to 10eV; the variation range of T is 300~400K. For the variation ranges of P and Cu are 1~5Pa and 21~138mm, respectively. The programming calculation is obtained by mathematical software MATLAB. The study on the uniformity of deposition rate is realized through the study on the distribution curve of the deposition rate on the substrate, which is an indirect study on the thin film thickness uniformity.
Thickness distribution of fast-moving particles
Assuming that the change of target substrate will not influence other factors greatly, including pumping speed and density distribution of spatial particles, that is, it will not influence the parameters of the function expression for the deposition rate. This paper only takes the relative movement of the substrate to the target into consideration. The values of that corresponds to the incident ion energy are taken as 0, 0.284, 0.603, the sputtering yield Y is taken as 1.5 atoms/ion, the current density is 2 mA/cm 2 , and Cu is 40mm. Taken the length percent of uniform deposition zone as longitudinal axis, that is, the ratio between the length of uniform deposition zone on the substrate and the substrate length is taken as an important measurement to judge the thin film thickness uniformity under the condition of different target-substrate distance (lateral axis), the uniform deposition zone mentioned in this paper is the zone whose thin film thickness non-uniformity is lower than 5%. Following is the verification of the change of target-substrate distance from 30mm to 80mm. Through numerical integration calculation, different results will be obtained. From Fig. 4 , it is easy to notices that when the substrate moves relatively to the target and the distance changes from 30mm to 80mm, the length percent decreases accordingly. The conclusion that thin film thickness uniformity will rise with the decrease of target-substrate distance made by Gencoa Inc. is consistent with the conclusion of this paper [24] , as Fig. 5(a) shows. Similarly, as Fig. 6 shows, when Cu has different values, the functional relationship between target-substrate distance and the length percent is different. The general trend presented in Fig. 6 is similar to that of Fig. 4 , that is, with the increase of target-substrate distance the length percent will decrease. Fig. 4 The length percent at different target-substrate distance (a) (b) Fig. 5 The relationships between the deposition uniformity and the target-substrate distance (a) or the ratio of the length and width of the erosion zone from Gencoa Inc.
(a) (b) Fig. 6 The variation of the uniform deposition length with different target-substrate distance at different conditions (a) and (b) It is generally believed that the thin film thickness uniformity of the circle planar magnetron target will rise with the increase of target-substrate distance, while its deposition rate will decrease accordingly. However, for the rectangular planar magnetron target, it is not easy to copy the conclusion of the circle planar magnetron target, which can be proved by the conclusions of this paper and other published papers.
When incident ion energy and Cu are fixed values, the influence of the end erosion zone on thin film thickness uniformity will be observed, where is 0.284, and Cu is 60mm, as Fig. 7 shows. Through calculation it is known that the proper decrease of the end erosion zone will make thickness uniformity decrease as well. As this geometric structure of erosion zone is easy to cause the inhomogeneous etching at end erosion zone, it should be avoided. Conversely, the appropriate increase of end erosion zone will cause the uniformity to increase. Meanwhile, when it reaches to certain value (according to the geometric parameter of this paper, the offset is -14mm), shown as Fig.  7(b) , the uniformity will increase first and then decrease with the increase of target-substrate distance. The further research needs to consider how to design the geometric model parametrically so that the erosion zone can be simplified as the following "standard model". This model can be set by three parameters, shown as Fig. 8 , those are R 1 , R 2 and L, which can be correspondingly described as R 1 , mR 1 , nR 1 , m>1, and 0. When n 0, the erosion zone are concentric rings. The ratio S between the total length and width is (1+n/m). The size of the geometric structure, namely, R 1 is 4mm m is 5, n is 20, S is 3. Given is 0.284, Cu is 60mm, and R 1 is 4mm, when n is 20, m is 3 or 4 when m is 5, n is 22, 24 and 30. In these two situations, the value of S will increase. The research is that how the increased value of S has influence on the thin film uniformity. The size of the substrate will change accordingly, such as when m is 3, the size is 184mm 24mm.
It is easy to conclude that when the value of n is not changed and the value of m is decreased, the uniformity will decrease as well; when the value of m is not changed and the value of n is increased, the uniformity will increase clearly. However, their relation is not a simple linear one, please refer to Fig. 6(a) and Fig. 9 .
The results above indicate that as the way of the increase of length or width is different, the change of thin film thickness uniformity is different. As Fig. 5(b) shows, the conclusion that the uniformity will rise with the increase of length-width ratio of erosion zone made by Gencoa Inc. is consistent with the conclusion of this paper, yet it does not point out the way. 
Thickness distribution of slow-moving particles
The slow-moving particles for deposition are moving by diffusing. Generally, the uniformity of slow-moving particles is better than that of fast-moving ones. This paper only considers the features of slow-moving particles when is 0.284, and Cu is 60mm. As Fig. 10 shows, through the calculation results, it is easy to come to the conclusion that in the same condition the uniformity of slow-moving is better. It is also shows that the length percent in the uniform deposition zone will decease with the increase of target-substrate distance, which is the same with the deposition features of fast-moving ones, and accords with the actual situation [3, 4] Fig . 10 The deposition uniformity of the flux of slow-moving particles
Thickness distribution of the total particles
The total thickness distribution needs to calculate both fast-and slow-moving particles, as Fig. 11 shows. The fast ones may dominate at low pressure and will decrease with the increase of pressure, while the slow ones will dominate in the high-pressure regime. With the further increase of pressure, their proportions will tend to change gently. Assuming the current is constant, when the value of is reduced from 0.603 to 0.284 or 0, the power will reduce accordingly, which conforms with the fact that the deposition rate will reduce with the decrease of power. When Cu is changed from 80mm to 40mm, the pressure will increase or the temperature will decrease accordingly, which conforms with the conclusion that the deposition rate will decrease with the increase of pressure correspondingly [3, 4] . As the rise of gas temperature that is caused by the collision of sputtered particles in the discharge space is inhomogeneous [25] , and the process like inhomogeneous gas rarefaction density cannot be described directly and accurately by existing mathematical model, the numerical calculation is usually obtained by the basic physical model like the collision model. Therefore, the spatial distribution function of gas temperature and density can be obtained, which are the immediate results for further calculation. This paper does not take the process into consideration, hence there exists deviation between model and actual situation to some extend.
From the calculation results discussed above, we can conclude that the distribution of deposition rate is greatly influenced by the size of the erosion zone, while the power of magnetron target, target-material and pressure will not influence the general distribution trend for the distribution. Unlike the circle planar magnetron sputtering target, although the thin film deposition uniformity of the rectangular planar magnetron sputtering target will not rise with the increase of target distance, its deposition rate will decrease with the increase of target distance. The calculation result conforms to the actual situation.
Conclusion
Through the discussion of thin film thickness distribution theory, this paper presents the calculation results for the thin film thickness uniformity of rectangular planar target with detailed comparison of the influence of geometric parameters, target-substrate distance, incident ion energy and other parameters. The calculation results are tested indirectly and consistent with the actual situation: the thickness uniformity will reduce with the increase of targetsubstrate distance and with the decrease of erosion zone of the target ends. When the erosion zone of the target ends increases to some extend, the uniformity will become higher with the increase of target-substrate distance and then become lower. There are two tendencies for thin film thickness uniformity with the increase of length-width ratio of target erosion zone, that is, it will become a little lower when the length is a constant, or become higher when the width is a constant. And the thin film thickness uniformity will become lower with the decrease of power and the increase of gas temperature. The deposition rate will become higher with the decrease of target-substrate distance, or the increase of power and gas temperature.
